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ARTICLE INFO ABSTRACT
Keywords: Hemophilic articular cartilage damage presents a significant challenge for surgeons, characterized by recurrent
Hemophilic articular cartilage defect intraarticular bleeding, a severe inflammatory microenvironment, and limited self-repair capability of cartilage
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Exosomes
Anti-inflammation
Chondrogenesis

tissue. Currently, there is a lack of tissue engineering-based integrated therapies that address both early he-
mostasis, anti-inflammation, and long-lasting chondrogenesis for hemophilic articular cartilage defects. Herein,
we developed an adhesive hydrogel using oxidized chondroitin sulfate and gelatin, loaded with exosomes
derived from bone marrow stem cells (BMSCs) (Hydrogel-Exos). This hydrogel demonstrated favorable inject-
ability, self-healing, biocompatibility, biodegradability, swelling, frictional and mechanical properties, providing
a comprehensive approach to treating hemophilic articular cartilage defects. The adhesive hydrogel, featuring
dynamic Schiff base bonds and hydrogen bonds, exhibited excellent wet tissue adhesiveness and hemostatic
properties. In a pig model, the hydrogel could be smoothly injected into the knee joint cartilage defect site and
gelled in situ under fluid-irrigated arthroscopic conditions. Our in vitro and in vivo experiments confirmed that the
sustained release of exosomes yielded anti-inflammatory effects by modulating macrophage M2 polarization
through the NF-kB pathway. This immunoregulatory effect, coupled with the extracellular matrix components
provided by the adhesive hydrogel, enhanced chondrogenesis, promoted the cartilage repair and joint function
restoration after hemophilic articular cartilage defects. In conclusion, our results highlight the significant
application potential of Hydrogel-Exos for early hemostasis, immunoregulation, and long-term chondrogenesis in
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hemophilic patients with cartilage injuries. This innovative approach is well-suited for application during
arthroscopic procedures, offering a promising solution for addressing the complex challenges associated with
hemophilic articular cartilage damage.

1. Introduction

Articular cartilage defects are prevalent in orthopedic practice,
affecting individuals across all age groups and resulting in pain, defor-
mity, and disability, thereby imposing a substantial burden on health-
care systems [1-5]. Due to the absence of vascular, neural, and
lymphatic tissues, the self-repair capacity of articular cartilage is limited
once damaged [1,3,4]. This challenge is further exacerbated in hemo-
philic patients due to repeated intraarticular bleeding, deposits of he-
mosiderin, and a severe inflammatory microenvironment [6-9]. Unlike
traumatic or degenerative cartilage defects, hemophilia patients
commonly experience recurrent spontaneous intraarticular bleeding due
to a lack of coagulation factor, resulting in the deposition of hemosiderin
[10]. The deposition of hemosiderin can cause synovial hypertrophy and
neovascularization, further increasing susceptibility to bleeding and
mechanical injury [11]. Additionally, the deposition of hemosiderin can
exacerbate the existing joint inflammatory response, increasing the
expression of FGF23 and MMP-13 b y releasing inflammatory factors,
leading to the destruction of articular cartilage matrix and apoptosis of
chondrocytes [10,12]. Furthermore, iron overload and lipid peroxida-
tion caused by hemosiderin can directly trigger ferroptosis in chon-
drocytes [11-13]. While various approaches such as microfracture,
autologous chondrocyte implantation, and arthroscopic debridement
have been reported for cartilage defect repair, there is currently no in-
tegrated therapy specifically addressing early hemostasis,
anti-inflammation, and long-acting chondrogenesis for hemophilic
articular cartilage defects [3,7,14-17]. Given the unique challenges
posed by repeated intraarticular bleeding, adverse inflammatory
microenvironment, and poor cartilage regeneration ability in hemo-
philic patients, there is a need for innovative strategies to effectively
promote cartilage regeneration and integration [6-9].

Hydrogel scaffold-based therapy has emerged as a promising strat-
egy for cartilage repair due to their bionic microenvironments resem-
bling the cartilage extracellular matrix (ECM) [1,15,18-21]. However,
existing hydrogels lack consideration for the wet surface of
intra-articular cartilage and often exhibit insufficient wet adhesion [1,
14,18,20]. The past few years have witnessed a burgeoning interest in
developing hydrogels with wet adhesion for in situ articular cartilage
repair [1,20]. For instance, Zhang et al. reported an injectable
exosomes-laden adhesive hydrogel with wet adhesion, exhibiting
enhanced in situ cartilage regeneration [1]. Additionally, a multifunc-
tional hydrogel demonstrated the ability to adhere to the wet cartilage
surface, encapsulating exosomes and icariin to synergistically promote
cartilage repair [20]. However, these studies primarily utilized normal
rat models, and no hydrogel adhesive-based approach has hitherto been
documented for repairing hemophilic articular cartilage defects, which
presents additional challenges due to repeated intraarticular bleeding
[1,6-9,20]. Ideally, to address this condition, hydrogel adhesives should
exhibit properties such as injectability, quick in situ gelation to fill
irregular cartilage defects, tight binding to wet tissue for local cavity
hemostasis, and mechanical stability in the presence of repeated intra-
articular bleeding [1,14,20,22]. An injectable self-healing natural
biopolymer-based hydrogel adhesive, as reported by Zhou et al., may be
a suitable candidate in this regard [23]. Composed of gelatin and
chondroitin sulfate (CS), this biocompatible hydrogel adhesive has
demonstrated strong tissue adhesion and excellent hemostatic abilities
for rat livers, attributed to dynamic Schiff base bonds and hydrogen
bonds [23]. Gelatin, a collagen hydrolysate, is widely used in biomedical
fields due to its excellent biocompatibility, biodegradability,
non-immunogenicity, and its ability to promote cell adhesion and
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migration [24,25]. CS, as the main glycosaminoglycan (GAG) compo-
nent of the cartilage ECM, has been reported to facilitate the production
of cartilage matrix proteins and stimulate cartilage regeneration [1,18,
26,27]. Furthermore, this hydrogel adhesive can be injected during
minimally invasive surgery to target tissues, indicating its potential
applicability during arthroscopy procedures [23]. Therefore, this
injectable hydrogel adhesive may offer benefits for hemostasis and
cartilage regeneration in hemophilic patients.

However, the effectiveness of ECM hydrogel adhesives for cartilage
repair may be limited as they do not address the severe inflammatory
microenvironment in hemophilic patients [6-9]. Bone marrow mesen-
chymal stem cells (BMSCs), known for their excellent chondrogenic and
immunoregulatory properties, have been widely utilized to enhance
cartilage regeneration and regulate inflammatory microenvironments
[1,3,6,18,28]. Nonetheless, the in vivo implantation of BMSCs may
potentially cause uncontrolled differentiation and stimulate chon-
drocyte hypertrophy and osteogenesis, thus unfavorable to cartilage
repair [29-31]. There is an increasing consensus suggesting that the
functional effects of BMSCs primarily occur through paracrine signaling,
particularly via the secretion of exosomes [1,14,18,32,33]. These
nanosized extracellular vesicles (30-200 nm) are rich in active mole-
cules such as proteins, lipids, and miRNAs, inheriting the chondrogenic
and anti-inflammatory properties of BMSCs, and engaging in intercel-
lular communication with recipient cells [1,14,18,32-35]. Accordingly,
BMSCs-derived exosomes have emerged as a promising cell-free thera-
peutic approach for hemophilic cartilage regeneration since they are
safer and more effective than BMSCs [14,19,20,30]. In addition to
BMSCs-derived exosomes, exosomes derived from normal chondrocytes
have also been proven to promote the cartilage formation by increasing
the ECM synthesis and regulating the chondrocytes proliferation and
differentiation [29,36,37]. However, compared to BMSCs, it is difficult
to obtain abundant normal chondrocytes, which may greatly restricts
the clinical application of chondrocytes-derived exosomes [29,36,37].
Notably, exosomes secreted by degenerative chondrocytes could facili-
tate the apoptosis and inhibit the proliferation of chondrocytes [36,37].
Additionally, exosomes from chondrocytes experiencing aberrant
biomechanical stimulation may cause abnormal calcification in cartilage
tissue [38]. Besides, there is far less research on the mechanisms of
chondrocytes-derived exosomes participating in the cartilage repair
compared to BMSCs-derived exosomes [38]. Importantly, since it is
critical to address severe inflammatory microenvironment in the repair
process of hemophilic cartilage defect, exosomes from MSCs such as
adipose MSC and BMSCs, may exert better anti-inflammatory effect than
exosomes from other differentiated cells [18,39]. In line with this, an
injectable adhesive hydrogel composed of gelatin and CS loaded with
immunomodulatory and chondrogenic BMSCs-derived exosomes rep-
resents an appealing strategy to facilitate cartilage regeneration in in-
dividuals with hemophilia.

Building on these insights, we hypothesized that an injectable ad-
hesive hydrogel laden with exosomes could synergistically promote
effective cartilage repair by inducing early hemostasis, immunomodu-
lation, and sustained chondrogenesis in hemophilic patients with
cartilage damage. To validate this hypothesis, we developed a hydrogel
adhesive loaded with BMSCs-derived exosomes, termed Hydrogel-Exos.
This composite exhibited exceptional biocompatibility, biodegrad-
ability, swelling process, frictional coefficient, mechanical properties,
wet tissue adhesiveness, hemostatic abilities, and prolonged exosome
release, as illustrated in Fig. 1. The synthesis involved a straightforward
combination of gelatin and aldehyde-functionalized chondroitin sulfate
(oxidized CS, OCS) with the addition of borax. Exosomes were then
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incorporated into the adhesive hydrogel network through noncovalent
binding (hydrogen bonds), preserving their structure and bioactivity
and ensuring a gradual and sustained delivery for cartilage repair. The
adhesive hydrogel, endowed with dynamic Schiff base bonds and
hydrogen bonds, demonstrated favorable injectability, self-healing ca-
pabilities, and tissue adhesion. This study comprehensively validated
the micromorphological, mechanical, injectable, self-healing, swelling,
frictional and adhesive properties, as well as the hemostatic behavior
and exosome release of the Hydrogel-Exos composite. Additionally, a
swine cartilage defect model was established to assess the injection
feasibility, in situ gelling, and adhesiveness of the hydrogel adhesive
under fluid-irrigated knee arthroscopy. Further investigations encom-
passed in vitro evaluations of biocompatibility, adhesion, migration, and
activity of chondrocytes, as well as M1/M2 macrophage polarization on
the Hydrogel-Exos. Moreover, in vivo assessments included the retention
of exosomes, biocompatibility, and biodegradability of Hydrogel-Exos.
Finally, we examined immunomodulation and cartilage regeneration
in vivo, validating the therapeutic efficacy of Hydrogel-Exos in a full-
thickness cartilage defect model in hemophilic rats.
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2. Materials and methods

2.1. Preparation and culture of rats BMSCs, chondrocytes, and
RAW264.7 cells

As previously described, BMSCs were extracted from 2-week-old
rats’ femurs and tibias by irrigating the marrow cavity under sterile
conditions [18,32,33,40]. Primary BMSCs were cultured in Low glucose
Dulbecco’s modified Eagle medium (DMEM, Gibco, USA) supplemented
with 10 % exosomes-free fetal bovine serum (FBS, Gibco, USA) and 1 x
penicillin-streptomycin and identified by Alizarin Red staining, Oil Red
O staining, and Alcian Blue staining for osteogenic, adipogenic, and
chondrogenic differentiation respectively). The second to the sixth
generation of BMSCs was chosen for subsequent use.

Consistent with the prior studies, chondrocytes were obtained from
2-week-old rats’ knee cartilage tissues [18,41]. The collected chon-
drocytes were cultured in high glucose DMEM with an addition of 10 %
FBS (Gibco, USA) and 1 x penicillin-streptomycin at 37 °C in 5 % CO».
Similarly, the second to the sixth generation of chondrocytes was
selected for subsequent utilization. RAW264.7 cells were acquired from
the American Type Culture Collection (ATCC) cell bank and cultured
under identical conditions to the chondrocytes.

7 |

NH, OH L |

, 1 |—nNH, —oOHC I

// ] 1

1 1
1

o coon I NH, — OHC :
1

——— 1 ~ Schiff base bond :

Gelatin — _ ,'i'.'_'_'_'_'_‘_'_'_'_'_'_‘.,

y - Hydrogen bond |

+ e LA

= i S A

CHO  COOH I 7_)0=#01 |

Exosomes 1

1 QH HOO |

I chg oM i

Hydrogel-Exos Sy : | | 0

~ A —

CHO 1

o ,.. 2 > \L Hydrogen bond |

o < (S D D

ocs -

Defect

Pig

Hemophilic (F8~"-) rat

Injection

IKBa

Fig. 1. The functional groups, chemical bonds, and fabrication of Hydrogel-Exos and its ability to achieve hemostasis, regulate inflammatory microenvironment, and

promote cartilage regeneration after hemophilic articular cartilage defect.
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2.2. Isolation and identification of exosomes derived from BMSCs

The cells’ supernatant was collected for multistep ultracentrifugation
after the BMSCs reached a confluence of 50-60 %, consistent with the
literature [1,18,33]. In brief, the culture medium was centrifuged at
2000xg for 20 min and 10,000xg for 30 min at 4 °C to purify the su-
pernatant. Next, the isolated exosomes were deposited in the bottom of
the centrifuge tube after ultracentrifugation at 100,000 xg for 90 min at
4 °C and were resuspended in 50 pL phosphate-buffered saline (PBS,
Gibco, USA) for subsequent use. The morphological observation of
exosomes was performed by transmission electron microscopy (TEM),
while the particle size was determined by nanoparticle tracking analysis
(NTA). Surface markers of exosomes, including TSG101 (ProteinTech,
China), CD63 (Affinity, China), and Alix (ProteinTech, China) were
detected by Western blot (WB) [33]. For the subsequent exosomes’
endocytosis and spatial distribution assay, red fluorescent dye PKH26
(Sigma-Aldrich, USA) was used to stain exosomes according to prior
protocols [32].

2.3. Establishment of Hydrogel-Exos system

2.3.1. Preparation of OCS

The preparation of OCS was based on our prior work [18,23]. Briefly,
5 g of CS (Aladdin, China) was completely dissolved in 80 mL of
deionized (DI) water by stirring magnetically. Next, sodium periodate
(Aladdin, China) solution was prepared by dissolving 1.93 g of crystal-
line powder in 20 mL of DI water and was added into the CS solution to
react for 12 h with constant stirring at room temperature in the dark.
Residual sodium periodate was neutralized by Ethylene glycol (98 %,
Macklin, China) for 2 h. Then, the OCS solution was purified in DI water
by a dialysis bag (3500 molecular weight cut-off) for 3 days. Finally, the
dialysate was frozen at —80 °C for one day, followed by lyophilizing for
one week to acquire the OCS powders. The degree of CS aldolization
(oxidation CS) was evaluated through an iodometric titration.

2.3.2. Synthesis of gelatin-OCS adhesive hydrogel and Hydrogel-Exos
composite

As described previously, the OCS solution (10 % w/v) was prepared
by dissolving the OCS powders in borax (Aladdin, China) solution (0.05
M) [42]. Similarly, gelatin solution (30 % w/v) was obtained by dis-
solving gelatin (Aladdin, China) in borax solution at 65 °C. Then, an
equal volume of OCS and gelatin solution were mixed at 37 °C to form
gelatin-OCS adhesive hydrogels. According to prior works, 200 pg of
BMSCs-derived exosomes were quickly dripped onto 100 pL of
gelatin-OCS solution and stirred for 3 min to obtain the Hydrogel-Exos
system [18]. The gelation time of the adhesive hydrogel with or
without exosomes was assessed using a rotary rheometer (Physica
MCR301, Anton Paar, Austria) by measuring the storage (elastic)
modulus (G) and loss (viscous) modulus (G") and corresponding time
once induced gelation through a time sweep pattern [23].

2.4. Characterization of Hydrogel-Exos composite

2.4.1. Scanning electron microscopy (SEM)

The samples’ morphology detection was conducted by SEM (ZEISS
Ultra 55, Germany) at 10,000 V acceleration voltage [18,32,42]. All
samples were freeze-dried for 3 days and sputter-coated with platinum
for 1 min before SEM observation.

2.4.2. Fourier transform infrared spectroscopy (FTIR)

A FTIR spectrometer (Nicolet IS10, Thermo Scientific, USA) was used
to explore the functional groups and chemical structure of the samples
[18,33,42]. The freeze-dried samples were pulverized and pressed into
pieces before measurement via the specialized spectrum software.
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2.4.3. Mechanical properties

The evaluation of the samples’ rheological properties was performed
utilizing a rotary rheometer (Physician MCR301, Anton Paar, Austria)
with a dynamic oscillation frequency from 0.1 to 10 Hz and a constant
strain of 1 % [18,23,42]. The storage (elastic) modulus (G') and loss
(viscous) modulus (G") were determined based on the
frequency-modulus curves. To examine the hydrogel’s critical strain
point, a strain (1-1000 %) amplitude sweep test was conducted. To
assess the self-healing property of the adhesive hydrogel, an alternate
strain sweep measurement was carried out at a constant frequency (1
Hz) at 37 °C. This step strain was altered from a smaller strain (5 %) to a
larger strain (400 %) with a 200-s duration. A shear-thinning test in a
frequency sweep mode was performed to evaluate the injectable prop-
erty of the Hydrogel-Exos by determining the linear viscosity. A dynamic
mechanical analyzer (DMA, Q800, TA Instruments, USA) was utilized to
investigate the compressive strength of hydrogel samples from their
strain-stress curve.

2.4.4. Injectability assessment

The pregel solution of Hydrogel-Exos labeled by Rhodamine was put
in a syringe and injected into a culture dish and into an aqueous solution
to assess its injectable properties [43,44]. In addition, a full-thickness
porcine cartilage defect (7 mm in diameter and 2 mm in depth) model
was established by a stainless-steel drill on a fresh femoral condyle to
further observe the Hydrogel-Exos’ injectability, in situ gel ability, and
wet adhesiveness on cartilage tissue.

2.4.5. Self-healing property

To evaluate the self-healing properties of the Hydrogel-Exos hydro-
gel, two adhesive pieces with or without Rhodamine staining were cut
into two parts, respectively. Next, one of the stained adhesive pieces was
allowed to reconnect with another piece, which was not stained at 37 °C
without any intervention.

2.4.6. Adhesiveness evaluation

To measure the adhesiveness of Hydrogel-Exos system, fresh porcine
cartilage pieces (1 cm x 1 cm) were cut from femoral condyles pur-
chased from a butcher. The porcine cartilage pieces were fixed on
wooden blocks using Histoacryl cyanoacrylate adhesive (Golden
Elephant 508, China) at room temperature for 30 min (Figs. S1A and B).
After injection of 100 pL Hydrogel-Exos composite on a cartilage piece,
the other cartilage piece was adhered for 20 min and formed a lap-shear
or end-to-end manner [23,43,44]. A tensile mechanical test (Hengyi,
HY-1080, Shanghai, China) was performed to measure the maximum
adhesive strength when it breaks the lap-shear or end-to-end surface.
Additionally, 500 g of weight was hung on the lap-shear specimen un-
derwater to assess the wet adhesive strength. Besides, the end-to-end
specimens were used to further investigate the adhesiveness and flexi-
bility by separating and rotating them.

2.4.7. Knee arthroscopic operation in vivo

To further evaluate the injection feasibility, in situ gel formation, and
adhesiveness of the adhesive hydrogel under fluid-irrigated knee
arthroscope, an arthroscopic procedure was conducted on a swine model
using a basic arthroscope setup (a Bebird video otoscope set, China) [22,
23]. A total of 6 four-month-old hybrid pigs (20-25 kg, 12 legs) were
utilized in the present study. To reduce individual variability and the
animal number, bilateral surgery was carried out [45]. Two small in-
cisions (8 mm) were created on the lateral and medial side of the knee
joint. A 30° arthroscope connected to a monitor was inserted into the
joint cavity, and then continuous saline irrigation was introduced. After
a 7 mm-diameter cartilage defect was created, the adhesive hydrogel
was injected through a homemade hollow channel into the cartilage
defect. Finally, the pigs were well-fed and allowed to move freely.
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2.4.8. In vitro exosome release profiles and encapsulation efficiency in
Hydrogel-Exos

To explore the daily and cumulative release profiles of exosomes, a
bicinchoninic acid (BCA) kit (Beyotime, China) was utilized as previ-
ously documented [18,33]. 100 pL of Hydrogel-Exos, which contained
200 pg of exosomes, was immersed in PBS solution at 37 °C and the
supernatant was measured on 1, 3, 5, 7, 10, and 14 days to investigate
the exosomes-releasing properties. The total amount of exosomes sub-
tracted from the amount of released exosomes in the PBS was the
amount of laden exosomes. The exosome encapsulation efficacy was
calculated according to the following formulas [46] (1):

Amount of loaded exosomes

x 100%
Amount of total exosomes ’

(€8]

Encapsulation efficacy (%) =

2.4.9. Endocytosis of exosomes

RAW264.7 cells and chondrocytes were respectively cultured on the
Hydrogel-Exos for 24 h to explore the cell endocytosis of exosomes after
staining by PKH26 [1,18,33]. Next, cells underwent fixing,
membrane-breaking, blocking, and staining by Actin Tracker Green
(Beyotime, China) and Hoechst 33342 (Sigma, USA) for final observa-
tion under a laser confocal microscope (ZEISS LSM 980, Germany).

2.4.10. Friction test for the Hydrogel-Exos

To simulate the friction property of Hydrogel-Exos on the articular
cartilage surface, a reciprocating sliding tribological measurement was
conducted on a high-frequency reciprocating friction and wear tester
(MGW-001, Jinan Yihua Tribology Testing Technology Co. LTD, China).
This tester was mainly composed of a bottom surface (stainless-steel
disk) and a top surface (polyethylene sphere). The oscillation amplitude,
reciprocating frequency, loading force, and duration time were set as 4
mm, 1 Hz, 1 N, and 600 s, respectively [47-50].

2.4.11. Swelling behavior of the Hydrogel-Exos

The Hydrogel-Exos was immersed in PBS at 37 °C for 4 days to assess
its swelling process. To determine the swelling ratio, the dried weight
(Wo) of samples was first recorded, followed by measuring the weight
change of the hydrogels twice a day [44]. The swelling ratio was
calculated based on the subsequent equation (2):
t

W, — W,
—— x 100%
WO X 0

(2)

Swelling ratio (%) =

where W¢ and Wy represents the wet weight at predefined time and
initial dried weight, respectively.

2.5. In vitro experiments

2.5.1. Cell biocompatibility evaluation

To assess the cell biocompatibility of Hydrogel-Exos, we performed
live/dead staining, cell counting kit-8 (CCK-8, Beyotime, China), and
cytoskeletal staining tests [18,33,51]. Briefly, cell viability was
measured by a live/dead staining test after the seeding of 5 x 10°
chondrocytes and RAW264.7 cells on each sample for 1 d, respectively.
Subsequently, PBS, calcein-AM (Invitrogen, USA), and propidium iodide
(PI, Invitrogen, USA) were used to prepare the live/dead solution, which
was co-incubated with each sample for 30 min. The viability results were
observed under a laser confocal microscope (ZEISS LSM 980, Germany).
For the assessment of cell proliferation, 5 x 10° chondrocytes and
RAW264.7 cells were separately seeded on each sample for 1, 3, and 7
days and incubated with CCK-8 solution (100 pL/mL) for 2 h. Subse-
quently, the optical density (OD) value was measured by an enzyme
labeling instrument (BioTech, Germany) at 450 nm wavelength after
100 pL supernatant was transferred into a 96-well plate. The chon-
drocyte adhesion was examined via a cytoskeletal staining test after
labeling with Actin Tracker Green (Beyotime, China) and Hoechst 33342
(Beyotime, China). Glass bottom cell culture dishes used in this study
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were purchased from NEST Biotechnology Co. Ltd. (Wuxi, China).

2.5.2. Cell migration test

It has been widely acknowledged that chondrocyte migration is
crucial for the repair of cartilage defects [40,52]. Consequently, to
evaluate chondrocyte migration ability on Hydrogel-Exos, a longitudinal
scratch was created on chondrocytes’ surface after their confluence
reached about 90 % and cultured for 12 h and 24 h. Next, PBS was used
to wash the detached cells. Finally, Calcein AM (Invitrogen, USA)
staining was conducted before visualization under a laser confocal mi-
croscope (ZEISS LSM 980, Germany).

2.5.3. Construction of Hydrogel-Exos/RAW264.7 cells/chondrocytes
integrated culture system

To explore whether the immune microenvironment regulates the fate
of chondrocytes, an Hydrogel-Exos/RAW264.7 cells/chondrocytes in-
tegrated culture system was constructed in a Transwell chamber
(ThermoFisher Scientific, USA) [1,18,40]. The chondrocytes were pre-
treated with IL-1p (10 ng/mL) 1 d before the assay. As exhibited in
Figs. 6A and 1 x 10° RAW264.7 cells was seeded on Hydrogel-Exos in
the lower chamber, and 1 x 10* chondrocytes were cultured in the
upper chamber. In order to allow the free exchange of cytokines, a 3.0
pm pore size polycarbonate membrane was selected to separate the two
compartments.

2.5.4. Gene expression

The total cellular RNA was acquired with a Simply P Total RNA
Extraction Kit (BioFlux, China), followed by reverse transcription into
cDNA using an all-in-one reverse transcription kit (TOLOBIO, China) for
final real-time qPCR (RT-qPCR) on the QuantStudio 5 (Thermo Fisher,
USA) [51]. This experiment was performed thrice before statistical
analysis using the 2-22% method. The primers of each gene are displayed
in Table 1.

2.5.5. Immunofluorescence (IF)

For this assay, cells were fixed in 4 % paraformaldehyde for 30 min,
permeabilized in 0.5 % Triton X-100 (Biofroxx, Germany) for 30 min,
and blocked in 3 % bovine serum albumin (BSA, Biofroxx, Germany) for
1 h at room temperature. Subsequently, they were reacted in specific
primary antibodies overnight at 4 °C (Table 2), in secondary antibodies
for 1 h at normal temperature, and then in Hoechst 33342 (Beyotime,
China) for 5 min. The samples were washed with PBS thrice between
each step. Finally, the fluorescence images were captured utilizing a
laser confocal microscope (ZEISS LSM 980, Germany).

2.5.6. WB experiment

Proteins were extracted by dissolving cells in a lysis solution con-
taining radio-immunoprecipitation assay (RIPA, CWBIO, China) buffer
added with phosphatase and protease inhibitors (KeyGEN, China) on ice
for 30 min [18,33,40,51]. After the determination of total protein con-
centration using a BCA kit (Beyotime, China), it was denatured by
loading buffer (Beyotime, China) at 100 °C for 10 min. After that, equal
amounts (20 pg) of protein were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, Beyotime,

Table 1

Primer sequences of each gene.
Target Forward Reverse
GAPDH AGACAGCCGCATCTTCTTGT CTTGCCGTGGGTAGAGTCAT
COL-2 AACCCAAAGGACCCAAATAC CCGGACTGTGAGGTTAGGAT
SOX-9 CGTGGTGACAAGGGTGAGAC TAGGTGATGTTCTGGGAGGC
MMP-13 AGGCCTTCAGAAAAGCCTTC GAGCTGCTTGTCCAGGTTTC
Arg-1 CTCCAAGCCAAAGTCCTTAGAG GGAGCTGTCATTAGGGACATCA
1L-10 CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGG
iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
TNF-a CGAGTGACAAGCCTGTAGCC ACAAGGTACAACCCATCGGC
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Table 2
Information on primary antibodies used.
Antibodies Species  Type Dilution (IF/IHC,  Source
WB)
Anti- Rabbit Polyclonal 1IgG ~ 1:8000 ProteinTech,
GAPDH China
Anti-COL-2 Rabbit Polyclonal 1gG 1:200/1:200, Affinity, China
1:1000
Anti-SOX-9 Rabbit Polyclonal 1IgG ~ 1:1000 Affinity, China
Anti-MMP- Rabbit Polyclonal IgG ~ 1:200/1:200, ProteinTech,
13 1:2000 China
Anti-Arg-1 Rabbit Polyclonal 1IgG ~ 1:200, 1:5000 ProteinTech,
China
Anti-iNOS Rabbit Polyclonal 1IgG ~ 1:200/1:200, GeneTex,
1:1000 America
Anti-IKBa Mouse Monoclonal 1:1000 CST, America
1gG
Anti-p-IKBa Rabbit Monoclonal 1:1000 CST, America
18G
Anti-P65 Rabbit Monoclonal 1:1000 CST, America
18G
Anti-p-P65 Rabbit Monoclonal 1:1000 CST, America
1gG
Anti-Alix Rabbit Polyclonal IgG ~ 1:2000 ProteinTech,
China
Anti-CD63 Rabbit Polyclonal 1IgG ~ 1:1000 Affinity, China
Anti- Mouse Monoclonal 1:5000 ProteinTech,
TSG101 18G China
Anti- Rabbit Polyclonal 1IgG ~ 1:2000 ProteinTech,
Calnexin China

China), transferred onto the polyvinylidene difluoride (PVDF, Thermo
Fisher, USA) membranes, and blocked in high-efficiency blocking buffer
(Genefist, China) for 15 min. Next, primary antibodies (Table 2) and
secondary antibodies were successively applied to incubate with the
PVDF membranes. After being immersed in an enhanced chem-
iluminescence (ECL, Thermo Fisher, USA) solution, the protein bands
were observed under the GelView 6000 Pro (BLT, China). Ultimately,
protein band density was quantified by ImageJ software.

2.6. In vivo experiments

Ethical statement

All animal studies were conducted in strict accordance with the
guidelines outlined in the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. The research protocols were
comprehensively reviewed and approved by the Animal Experimental
Ethics Committee of Southern Medical University Nanfang Hospital.

2.6.1. Establishment of hemophilic rat cartilage defect model

Adult female F8/~ rats (250-300 g) were obtained from the
Shanghai Model Organisms Center, Inc. and randomly assigned into four
groups, including untreated control group (defects without treatment, n
= 10), pure adhesive hydrogel group (Hydrogel, n = 10), pure exosomes
group (Exos, n = 10), and exosomes-loaded adhesive hydrogel group
(Hydrogel-Exos, n = 10). The genotypes of the rat were determined by
gPCR analyses of genomic DNA extracted from rat-tail snips using the
following primers: forward, 5'- TCA CCC GTG CAT AAC AGG ACA GAC-
3" and reverse, 5- CCG GGG GCA TGC GAT TTT TC-3' [53,54]. The he-
mophilic cartilage defect model was constructed according to prior de-
scriptions of normal rats [1,2,4,45,55]. After anesthesia via
intraperitoneal injection of pentobarbital (40 mg/kg), a middle incision
was created on the left knee joint. Subsequently, a full-thickness carti-
lage defect of 2 mm in diameter and 1 mm in depth was made at the
middle of the femoral trochlear. In the Hydrogel group and
Hydrogel-Exos group, samples were separately injected into the defect.
The defect area in the exosomes group was administrated with 200 pg
exosomes in PBS. The joint capsule, muscle, and skin were closed
sequentially. After the operation, the rats were allowed to move freely
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and well-fed in a warm environment.

2.6.2. Pain measurements

Pain measurements, which included mechanical allodynia and
thermal hyperalgesia assay, were conducted to evaluate joint function
restoration before (12 h) and after surgery (1, 2, 3, 4, 5 and 6 weeks)
[56-58]. Animals were acclimated to the equipment and surroundings
for 20 min before testing.

Mechanical allodynia was determined by placing animals on a metal
mesh in a cubicle and recording the paw withdrawal threshold (PWT)
with incremental forces elicited by von-Frey filaments (4, 6, 8, 10, 15,
26, 60, 100 and 180 g). The force neeed to induce the lifting, biting or
licking of the posterior paw was recognized as a threshold for positive
response. Each rat was repeatedly stimulated five times at a 2-min in-
terval. A decrease of PWT indicated an increase in mechanical allodynia
or pain aggravation. Fig. 11A is a schematic illustration depicting the
von-Frey testing.

Thermal sensitivity measurement could be conducted by placing rats
on a heat conduction plate in a cubicle and allowing their hind paws to
touch a hot plate (56 °C). The time required to elicit the licking or raising
of the posterior paw was recorded as thermal withdrawal latency (TWL).
Similarly, each animal was repeatedly exposed five times at a 2-min
interval to avoid scalding tissues. Consistently, a decrease of TWL rep-
resented an increase in thermal sensitivity or pain aggravation. Fig. 11D
is a schematic illustration depicting the hot plate testing.

2.6.3. Gait analysis

The gait analysis was also carried out to assess the joint function
recovery 2, 4, and 6 weeks after the surgery [51,59,60]. The rats were
allowed to walk on papers after coating their hind limbs in blue ink. As
depicted in Fig. 11G, the sciatic function index (SFI) was calculated
based on the following formula by measuring three footprint parame-
ters, which included print length (PL), toe spread (TS), and intermediate
toe spread (ITS) (3):

(PLExp - PLClrl)
P Ctrl

(ITSEXp - ITSCtrl )
ITSCtrl

(TSExp - TSCtrl)

SFI= —38.3 x
TSClrl

+109.5 x +13.3

—-88 3

where Exp and Ctrl indicate the experimental and control limbs,
respectively.

2.6.4. Hemolysis test and in vivo biocompatibility

The hemocompatibility of Hydrogel-Exos was assessed through a
hemolysis test. During this procedure, each sample was incubated with
whole rat blood at 37 °C for 4 h. Triton-100X and PBS were included as
positive and negative control groups, respectively. Subsequently, the
centrifuge tubes were spun at 10,000 g for 5 min at 4 °C. Following the
determination of supernatant absorbance at 540 nm using an enzyme-
labeling instrument (BioTech, Germany), the hemolysis percentage
was calculated using the following equation (4):

ODSample - ODPBS

x 100%
ODTriton - ODPBS

Hemolysis (%) = 4

where OD represents the optical density.

Besides, the levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST) and total protein (TP) were determined to
examine the in vivo biocompatibility of samples after obtaining the
whole rats blood at the end of 6 weeks treatment. Five major organs,
including the heart, lung, kidney, liver and spleen, were harvested and
stained with hematoxylin-eosin (H&E) for pathological examination
[33,51].

2.6.5. In vivo evaluation of exosome retention

To further investigate the in vivo exosome retention,
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bioluminescence imaging was applied [32]. Briefly, exosomes labeled
with PKH26 fluorescence dye were incorporated into Hydrogel-Exos and
subsequently implanted into the cartilage defect on the left knee. Sub-
sequently, rats were subjected to noninvasive imaging using the Spectral
Instruments Imaging system (Ami, HTX, USA) on days 0, 3, 7, 14, and
21.

2.6.6. In vivo degradation of the Hydrogel-Exos

To explore the in vivo degradation behavior of Hydrogel-Exos, 1 mL
of Cy7-labeled sample was subcutaneously injected into the back of rats
[32,43,44]. Similarly, the fluorescence intensity was visualized and
recorded using the Spectral Instruments Imaging system (Ami, HTX,
USA) on days 0, 3, 7, 14, and 21. Furthermore, rats were euthanized on
days 0, 3, 7, 14, and 21, respectively, and the surrounding tissues of the
samples were dissected for subsequent macroscopic observation and
histological analysis using H&E staining. The degradation profile was
quantified by relative volume and mass change and calculated based on
the following equation, (5) and (6) respectively [22]:
)

V
Relative volume (%) = V_t x 100%
0

where V; and Vj represents the volume obtained in predefined day and
day 0, respectively.
(6)

Relative mass (%) :% x 100%
0

where W; and Wy represents the weight obtained in predefined day and
day 0, respectively.

2.6.7. Assessment of in vivo hemostatic capacity

It is well-established that repeated intraarticular bleeding has
detrimental effects on cartilage defect repair in hemophilic patients
[6-9]. Therefore, alongside the assessment of wet adhesiveness, the
hemostatic ability of Hydrogel-Exos was evaluated in vivo. Adult female
F8/ rats (250-300 g) were employed to establish models involving
liver hemorrhage, rat-tail amputation, and femoral condyle drilling [23,
44,61,62]. In the liver hemorrhage model, the liver was exposed after
anesthesia through intraperitoneal administration of pentobarbital (40
mg/kg). Given that the leaked blood may be encapsulated in the adhe-
sive hydrogels, leading to an incorrect calculation of blood loss, com-
mercial gauzes and adhesive hydrogels were weighed before the liver
hemorrhage and rat-tail amputation experiments for the precise calcu-
lation of blood loss. Gauzes were positioned under the liver for blood
collection before inducing liver hemorrhage. A 0.5 cm V-shaped incision
was made on the liver with a scalpel, and Hydrogel-Exos were applied at
the bleeding site. Untreated and fibrin glue-treated groups served as
controls, and the total blood loss was calculated based on the weight
increase of the gauzes and adhesive hydrogels within 3 min. In the tail
amputation model, rat tails were amputated within 1 cm of the tip using
surgical scissors, and the subsequent procedure was consistent with the
liver hemorrhage model. In the femoral condyle drill model, after
exposing the left knee joint, a full-thickness cartilage defect (2 mm in
diameter and 1 mm in depth) was created, and Hydrogel-Exos were
utilized to attach and fill the bleeding defect.

2.6.8. Gross observation, micro-CT examination, histological evaluation
and immunohistochemistry

After a 6-week treatment period, the animals were euthanized, and
their femurs were harvested. Initially, the gross appearance of the
cartilage defect was documented using a magnified photography system.
Subsequently, the femurs were fixed in 4 % paraformaldehyde for 24 h,
and scanned by the micro-CT (Scanco mCT50, Switzerland) to assess the
subchondral bone formation. The center of the defect area was defined
as the region of interest (ROI) for quantification of osteogenesis pa-
rameters, including bone volume/tissue volume (BV/TV), trabecular
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number (Tb.N), trabecular thickness (Tb.Th) and trabecular separation
(Tb.Sp). Then, the samples were decalcified in a decalcifying solution for
one month, embedded in paraffin, and sectioned at a thickness of 5 pm in
the sagittal direction. Various staining techniques were employed for
histological analysis: H&E staining assessed morphology, safranin-O/
fast green (Saf-O) staining evaluated glycosaminoglycan (GAG) depo-
sition, Masson trichrome staining (MTS) detected collagenous fibers and
immunohistochemical staining was employed to examine the expression
of collagen type II (COL-2), matrix metalloproteinase-13 (MMP-13), and
inducible nitric oxide synthase (iNOS) [18,45]. The primary antibodies
used are listed in Table 2. Additionally, Perls’ Prussian Blue staining was
utilized to detect the deposition of hemosiderin in articular cartilage
defect lesions from normal and hemophilic rats.

2.7. Statistical analysis

Statistical analyses were performed using SPSS Statistics 23.0 (IBM,
USA) and GraphPad Prism 8.0 (GraphPad Software, USA). Unpaired t-
tests were employed for two-group comparisons, while one-way analysis
of variance (ANOVA) with Bonferroni’s test was utilized for three or
more groups. All experimental results were presented as mean =+ stan-
dard deviation (Mean + SD). A P-value <0.05 was statistically
significant.

3. Results and discussion
3.1. Characterization of BMSCs-derived exosomes

The isolation process of BMSCs-derived exosomes is briefly illus-
trated in Fig. 2A. To confirm the successful isolation of exosomes from
BMSCs, various techniques, including TEM, NTA, and WB for specific
surface markers, were employed. As depicted in Fig. 2B, TEM image
revealed a spherical vesicle with a teacup-like shape, characteristic of
exosomes. Consistent with TEM results, NTA technology determined the
average particle size of vesicles to be approximately 165.4 + 79.7 nm
(Fig. 2C). Moreover, WB results demonstrated a significant increase in
the expression of specific surface markers, including TSG101, CD63, and
Alix proteins, on the acquired vesicles, compared to BMSCs. However,
these vesicles lacked Calnexin (Fig. 2D) [63-65]. These findings
collectively confirmed the successful isolation of exosomes from BMSCs.

3.2. Fabrication and characterization of Hydrogel-Exos

The material preparation process and simple chemical component of
the Hydrogel-Exos are illustrated in Fig. 2A. The adhesive hydrogel is
fabricated via self-crosslinking of gelatin and periodate oxidized CS after
the addition of borax based on our previous studies [23,42]. CS, being
water-soluble, typically requires blending with other biopolymers like
collagen and chitosan for chemical crosslinking to create stable hydro-
gels [42]. The degree of CS aldolization (oxidation CS) is about 90 %, as
determined by an iodometric titration of the periodate in the reaction
system (Table S1). Moreover, the rapid degradation of gelatin at 37 °C
(physiological temperature) limits its widespread in vivo application for
long-term repair [42]. Gelatin has been reported to interact with OCS,
forming an adhesive hydrogel through the Schiff base reaction between
the amino groups of gelatin and the aldehyde groups in OCS in the
presence of borax [23,42]. Borax plays a crucial role in this Schiff base
reaction by interacting with OCS through the borate-diol complexation
[23,42]. This interaction allows gelatin to crosslink with OCS, leading to
the formation of an adhesive hydrogel without the need for additional
toxic crosslinking agents [23,42]. Subsequently, BMSCs-derived exo-
somes were encapsulated into the adhesive hydrogel network, estab-
lishing the Hydrogel-Exos system through the formation of hydrogen
bonds between the phosphate groups on the exosomes’ phospholipid
surface and the numerous hydroxyl, aldehyde, carboxyl, and amine
groups provided by OCS and gelatin (Fig. S2) [23,42].
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Fig. 2. Characterization of the Hydrogel-Exos composite. (A) Illustration of the fabrication and structure of the Hydrogel-Exos system. (B) Morphology of acquired
nanoparticles (exosomes) determined by transmission electron microscopy (TEM). Scale bar represents 100 nm. (C) Nanoparticle tracking analysis (NTA) charac-
terized the size range of nanoparticle (exosomes). (D) BMSCs-Exos surface-specific makers, including TSG101, CD63, and Alix proteins, and a negative control
(Calnexin) were assessed by Western blot (WB). (E) Photographs showing the rhodamine-dyed Hydrogel-Exos could be injected into a culture dish and into the water
using a syringe. (F) Rhodamine-dyed Hydrogel-Exos hydrogel precursor could also be smoothly injected into the porcine cartilage defect site, gelled in situ, and
adhered with surrounding tissues with or without a water environment. Scale bar: 5 mm. (G) Images exhibiting the macroscopic self-healing property of Hydrogel-
Exos. (H) The microstructure of the Hydrogel-Exos system was detected by scanning electron microscopy (SEM). Scale bar: 10 pm (at low magnification), and 1 pm
(at high magnification). (I) The strain amplitude sweep test (1-1000 %) at a constant frequency (1 Hz) at 37 °C. (J) Demonstration of rapid self-healing behavior of
Hydrogel-Exos via continuous step strain (5 % strain to 400 % strain to 5 % strain) measurements. (K) Shear-thinning measurement of Hydrogel-Exos. (L) Cyclic
compression curves of Hydrogel-Exos. (M) Dynamic time sweep rheological detection to assess gelation kinetics of Hydrogel-Exos. (N) Rheological properties of
adhesive with or without exosomes. (O) Graph of the quantitative analysis of mechanical properties of adhesive and Hydrogel-Exos (n = 3). (P) FTIR spectra of
chondroitin sulfate (CS, bluish), OCS (oxidized chondroitin sulfate, orange), gelatin (light purple), adhesive hydrogel (deep purple) and Hydrogel-Exos (red). (Q) 3D
immunofluorescence image exhibited that exosomes labeled by PKH26 were evenly distributed in the adhesive hydrogel, and the penetration depth of the exosomes
was about 200 pm. (R) The daily release profile of exosomes with or without adhesive hydrogel for 14 days (n = 3). (S) The cumulative release curve of exosomes
with or without adhesive hydrogel for 14 days (n = 3). Statistical differences were determined by utilizing One-way ANOVA with Bonferroni’s multiple comparison
tests when comparing three or more groups. When comparing two groups, the unpaired t-test was utilized. (*P < 0.05, **P < 0.01, and ***P < 0.001).

Injectability is crucial for the application of adhesive hydrogel dur- likely due to the shear behavior breaking the dynamic hydrogel network
ing minimally invasive procedures, including arthroscopy [23]. As that contributes to the injectability and self-healing of the hydrogels
observed in Fig. 2E, the rhodamine-dyed Hydrogel-Exos hydrogel pre- [23]. Moreover, the cyclic compression measurement finding demon-
cursor could be continuously injected into a culture dish and into a strated that the compressive modulus of the Hydrogel-Exos was
bottle filled with water using a syringe, maintaining a stable gel state approximately 0.3 MPa when the strain reached 80 % (Fig. 2L), within
without dissolution. Additionally, this Hydrogel-Exos hydrogel precur- the range of compressive modulus of native human articular cartilage
sor could be smoothly injected into the porcine cartilage defect site, (0.24-1 MPa) [71-74]. It is well-established that the gelation time of the
demonstrating desirable in situ gelling, molding, well-fitting, inte- adhesive hydrogels is crucial for in vivo application. The results of time
grating, and wet adhesiveness properties after being flushed by water or sweep rheological tests showed that the gelation times of the adhesive
immersed in water (Fig. 2F). It is well-established that adhesive hydrogel with or without exosomes were approximately 150 s, indi-
hydrogels commonly face external mechanical force after trans- cating that the adhesive hydrogel has a relatively rapid gelation time,
plantation at the defect site, which may accelerate their degradation, which is consistent with prior reports and not influenced by the
limit their lifespan, and alter their properties [23,43]. Accordingly, the embedding of exosomes (Fig. 2M) [23,42]. The Schiff base reaction
self-healing properties of the Hydrogel-Exos composite were evaluated. between the amino groups of gelatin and the aldehyde groups in OCS
As depicted in Fig. 2G, the full moon-shaped adhesive hydrogel was first and their internal hydrogen bonds can account for the quick gelation of
cut into two semilunar-shaped pieces, with one of them dyed red. These this adhesive hydrogel [23,42].
two pieces were then brought into contact at 37 °C for 20 min, suc- It is widely acknowledged that the mechanical characteristics of the
cessfully merging and healing. Importantly, the healed adhesive extracellular matrix can significantly impact cell differentiation and fate
hydrogel could withstand external force and maintain integrity. SEM [33,51]. Therefore, the mechanical properties of the adhesive hydrogel,
imagings exhibited a porous hydrogel structure with abundant exosomes with or without exosomes, were investigated through frequency sweep
embedment (Fig. 2H). Additionally, a strain amplitude sweep experi- tests. Over a frequency range of 0.1-10 Hz, the elastic modulus (storage
ment on the hydrogel with or without exosomes revealed that the moduli G") of both adhesive hydrogels exceeded the viscous modulus

storage modulus (G) and loss modulus (G") of the samples slightly (loss modulus G") (Fig. 2N), indicating their stability and viscoelastic
changed when the strain reached up to 100 %, indicating the samples’ nature. Additionally, the average G' of Hydrogel-Exos (3177.86 +

ability to maintain significant elastic deformations (Fig. 2I). However, 230.65 Pa) was comparable to pure adhesive hydrogel (3292.38 +
with increasing strain, the values of G' and G’ significantly declined and 258.37 Pa) (Fig. 20), suggesting that the encapsulation of exosomes had
became equal at around 400 % strain, indicating that both the hydrogels minimal impact on the mechanical properties of the adhesive. These
could transition into a sol state when the external force exceeded the results cooperate with the cyclic compression measurement, providing
critical strain. Subsequently, continuous cyclic strain measurement appropriate mechanical support for articular cartilage regeneration
demonstrated the recoverability of the Hydrogel-Exos and pure adhesive [67]. FTIR analysis was employed to characterize the functional groups

hydrogel (strain from 5 % to 400 % and back to 5 %) at a constant in gelatin and OCS (Fig. 2P). The typical peaks of gelatin at 1640 cm™!
frequency of 1 Hz. As shown in Fig. 2J, the hydrogels transformed into a and 1545 cm™! corresponded to C=O stretching (amide I) and N-H
sol state (G’ < G") at a critical strain of 400 %, returning to a gel state bending (amide II), respectively [42,75,76]. The characteristic peaks in
again once the strain reverted to 5 % (G’ > G"). These results suggest that the CS spectrum at 3400, 1620, and 1257 cm ™! were attributed to the

the Hydrogel-Exos and pure adhesive hydrogel possess quick and sig- —OH of carbohydrate, -COOH, and S=O stretching, respectively [77,78].
nificant self-healing properties due to the presence of dynamic covalent After oxidation with sodium periodate, the —~OH on the CS was partially
Schiff-base bonds and reversible hydrogen bonding [23]. In recent years, transformed to —COH, confirmed by FTIR analysis with a new peak
injectable hydrogels with self-healing and in situ crosslinking properties observed at 1725 cm ™! in the OCS spectrum compared to CS (Fig. 2P)
have gained great attention in cartilage tissue engineering [66]. [18]. The adhesive hydrogel spectrum displayed typical peaks of the
Compared with traditional crosslinked hydrogel, self-healing hydrogel primary bonds and groups, indicating the successful fabrication of the
can extend its lifetime and provide adaptability to alterations in the adhesive hydrogel based on gelatin and OCS. Furthermore, after the
structural network for cell proliferation and gel degradation [66,67]. formation of Schiff base bond, the characteristic peak of OCS at 1725
Moreover, given that the articular cartilage defect commonly occurs in em™! disappeared, and a peak at 1590-1690 cm™! of imine bond
areas with frequent movements and experiences excessive local stress, (-C=N) was observed. Similarly, a wider and stronger peak at
self-healing ability can efficiently recover the structural integrity of 1590-1690 cm™! (-C=N) was present in the adhesive hydrogel spec-
hydrogels and dissipate energy around weight-bearing regions, thereby trum compared to the gelatin due to the numerous Schiff base
prolonging the duration of hydrogels and making them suitable for cross-linking (Fig. 2P) [79-81]. The absorption peak at 3200-3500 cm ™!
articular injection [20,66-70]. In addition, the viscosity test result in the Hydrogel-Exos spectrum was slightly shifted compared to the pure
revealed that the increment of shear rate reduced the viscosity (Fig. 2K), hydrogel, indicating the hydrogen bond formation between exosomes
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and hydrogel (Fig. 2P) [79-81]. To explore the 3D distribution of exo-
somes in the adhesive hydrogel, PKH26-labeled exosomes loaded onto
the hydrogel were visualized under confocal reflection microscopy. The
3D immunofluorescence results demonstrated the homogeneous distri-
bution of exosomes in the adhesive hydrogel, confirming the successful
encapsulation of BMSCs-derived exosomes (Fig. 2Q). The encapsulation
efficiency of exosome in Hydrogel-Exos was 85.8 + 3.9 %. Finally, in
vitro exosome release from Hydrogel-Exos was investigated over 2
weeks. As shown in Fig. 2R and S, more than 80 % of the exosomes were
cumulatively released from Hydrogel-Exos over 14 days, enabling the
exosomes to exert their immunomodulatory and repair effects during
articular cartilage injury. The sustained-release properties of
Hydrogel-Exos can be attributed to the formation of reversible non-
covalent binding (hydrogen bonds) between exosomes and the adhesive
hydrogel [23,33,42].

It has been well-established that the articular cartilage provides a
low-friction gliding surface for joint movement, and the cartilage dam-
age and degeneration will cause inadequate lubrication on the joint
surface [47,49,82]. Consequently, it is essential to reduce the frictional
resistance between the implanted hydrogel scaffold and articular carti-
lage. As exhibited in Fig. S3, the coefficient of friction (COF) of
Hydrogel-Exos maintained stable at approximately 0.04, which was
much lower than that of porcine articular cartilage (0.11) reported by
prior studies [83,84]. This low COF of Hydrogel-Exos can be attributed
to the formation of hydration layer decreasing the frictional effect [47,
50,83]. Swelling is also a vital property of hydrogel scaffold in the
application of cartilage tissue engineering [22]. As shown in Fig. S4, the
Hydrogel-Exos reached the swelling equilibrium state after 72-h im-
mersion in PBS. Additionally, the swelling ratio of Hydrogel-Exos was
about 140 % (swelling equilibrium), suggesting that the size and cohe-
sive adhesion of this hydrogel system remained stable in an underwater
environment. Furthermore, although the adhesive strength of
Hydrogel-Exos decreased after it reached swelling equilibrium, it still
demonstrated superior adhesive strength than the fibrin glue (Figs. S6A
and B).

Overall, our Hydrogel-Exos sustained release system was successfully
constructed, demonstrating satisfactory gelation time, injectability, self-
healing, frictional, swelling and mechanical properties with a porous
texture, along with an extended exosome release capacity.

3.3. Adhesive performance of Hydrogel-Exos

Tissue adhesiveness plays a vital role in the application of adhesive
hydrogel, requiring rapid and stable attachment to the target site while
creating a favorable environment for cell growth and development [44].
To evaluate the adhesiveness of Hydrogel-Exos, fresh porcine cartilage
pieces from the femoral condyles were prepared and subjected to
lap-shear and end-to-end measurements (Fig. 3A and D). As depicted in
Fig. 3B, C, E, and F, fibrin glue demonstrated the lowest adhesive
strength (24.1 + 5.7 kPa for lap-shear, 12.89 + 5.74 kPa for
end-to-end), while the commercial cyanoacrylate adhesive (179.74 +
4.8 kPa for lap-shear, 183.72 + 2.65 kPa for end-to-end) exhibited the
highest adhesive strength before adhesion failure. Additionally, the
adhesive strengths were significantly higher in the adhesive hydrogel
(168.96 + 10.76 kPa for lap-shear, 154.50 + 7.21 kPa for end-to-end)
and Hydrogel-Exos (163.76 + 10.72 kPa for lap-shear, 145.51 + 4.47
kPa for end-to-end) compared to fibrin glue, and comparable to the
commercial cyanoacrylate adhesive. Notably, the Hydrogel-Exos suc-
cessfully bonded two cartilage pieces on wooden blocks, demonstrating
the capability to withstand a 500 g weight, even when submerged un-
derwater (Fig. 3G). The robust tissue adhesion of adhesive hydrogels can
be attributed to cohesion arising from their internal Schiff base reaction
and hydrogen bonds, with interfacial adhesiveness resulting from Schiff
base and hydrogen bonds between the hydrogel and the tissue [23].
Besides, these findings revealed that the embedding of exosomes did not
influence the tissue adhesion of the adhesive hydrogel after the
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hydrogen bond formation between the adhesive and exosomes. More-
over, the wetting resistance test for day 3 and 14 showed that the
Hydrogel-Exos system could maintain stable in water over time
(Fig. S5). Although the adhesive strength of soaked Hydrogel-Exos sys-
tem decreased compared to its initial status, it still exhibited higher
adhesive strength than the fibrin glue no matter on day 3 or day 14
(Figs. S6A and B).

Apart from desirable adhesive strength, optimal flexibility is crucial
in practical applications. Adjustable and flexible adhesion allows sur-
geons to readjust the adhesive hydrogel when injected into unwanted
sites. As demonstrated in Fig. 3H, a pair of bonded cartilage pieces was
broken and reconnected, with the rejoined pieces rapidly re-adhering
after the self-healing of the Hydrogel-Exos. Furthermore, the adhesive
strength of the rejoined pieces was measured again, revealing a non-
significant decrease in strength (Fig. 3J). During another flexibility
evaluation, one of the cartilage pieces was rotated by 180° (Fig. 3I).
After rotation and self-healing, the adhesive strength was slightly
reduced compared to the original pair (Fig. 3K). Furthermore, the
Hydrogel-Exos successfully adhered to fresh porcine cartilage at the
defect site after the cartilage piece was pulled, with or without under-
water immersion (Fig. 3L). Such outstanding underwater adhesion
ability of the adhesive hydrogel are derived from the Schiff base inter-
action between the aldehyde groups provided by OCS and the amino
groups on wet tissue surface (Fig. S7) [23,85-88]. Moreover, the
abundant hydrogen-bond interactions also contribute greatly to this
remarkable underwater adhesion of the adhesive hydrogel (Fig. S7) [23,
85,88,89]. These findings collectively demonstrate that the
Hydrogel-Exos possesses excellent rapid self-healing and reversible
adhesion properties.

3.4. Evaluation of injection feasibility, in situ gelation, and wet tissue
adhesiveness of adhesive under a water-filled arthroscopic environment in
a swine model with knee cartilage defect

Having validated the adhesive hydrogel’s rapid gelation, robust self-
healing, smooth injectability, appropriate mechanical strength, and
potent tissue adhesion, it appears to be well-suited for fluid-irrigated
arthroscopic treatment. To assess its application feasibility, in situ
gelation, and wet tissue adhesiveness at a cartilage defect, a swine model
was established (Fig. 3M). A 7-mm-diameter, full-thickness, and cylin-
drical articular cartilage defect at the load-bearing region of the femoral
condyle, known to lack the ability of self-healing [22], was employed.
Continuous saline irrigation during the arthroscopic procedure is
essential to expand the joint capsule and ensure adequate visualization
[22]. As depicted in Fig. 3N, the adhesive hydrogel precursor was suc-
cessfully injected into the chondral defect site. Consistent with the ex
vivo assays, the adhesive hydrogel rapidly gelled and integrated well
with the adjacent tissue, even in the water-irrigated joint cavity. Taken
together, these findings suggest that the adhesive hydrogel serves as an
appropriate scaffold for cartilage repair under saline-irrigated arthro-
scopic conditions, attributed to its rapid in situ gelation and high adhe-
siveness underwater. In recent years, minimally invasive arthroscopic
procedures have become a prevalent option for the articular cartilage
repair clinically, especially indicative for early and mid treatment [22].
Consequently, the adhesive hydrogel in this study may represent a sig-
nificant and promising strategy in the clinical application.

3.5. In vivo hemostatic property of Hydrogel-Exos

It is widely acknowledged that hemophilic patients are prone to
intraarticular bleeding upon damage to the articular cartilage, leading to
hemosiderin deposits, the formation of a severe inflammatory micro-
environment, hindering cartilage repair, and ultimately accelerating
cartilage degeneration [6-9]. Therefore, an adhesive hydrogel with
excellent hemostatic performance could be beneficial for enhanced
cartilage repair. In this study, the hemostatic ability of Hydrogel-Exos
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Fig. 3. Characterization of Hydrogel-Exos adhesive strength and reversible adhesiveness, and evaluation of injection feasibility of adhesive hydrogel at cartilage
defect area under water-filled arthroscopic environment in a swine model. (A) Photographs and schematic diagrams showing the lap-shear Hydrogel-Exos adhesive
strength test. (B-C) Representative stress-displacement curve and the adhesive strength of lap-shear tensile test. (D) Photographs and schematic diagrams showing
the end-to-end Hydrogel-Exos strength test. (E-F) Representative stress-displacement curve and adhesive strength of end-to-end tensile test. (G) Photographs showing
that the Hydrogel-Exos strongly adhered to two cartilage pieces on wooden blocks which could lift a weight of 500 g. (H) Reversible adhesiveness of Hydrogel-Exos
was demonstrated by rejoining and reconnecting breaking cartilage pieces on wooden blocks. (I) Reversible adhesiveness of Hydrogel-Exos was demonstrated by
rotating one of the bonded cartilage pieces for 180°. (J) The adhesive strength of rejoined cartilage pieces was tested again (n = 3). (K) The adhesive strength of
rotated cartilage pieces was tested again (n = 3). (L) Hydrogel-Exos could adhere to fresh porcine cartilage at the defect site after the cartilage piece was pulled with
or without underwater immersion. Scale bar: 5 mm. (M) Schematic illustration of adhesive hydrogel application in water-irrigated arthroscopic articular cartilage
repair. (N) Images showing that the adhesive hydrogel could be successfully injected into the chondral defect site, formed rapidly, and integrated with the sur-
rounding tissue, even in the saline-filled articular cavity. Statistical differences were determined by utilizing One-way ANOVA with Bonferroni’s multiple comparison

tests when comparing three or more groups. When comparing two groups, the unpaired t-test was utilized. (*P < 0.05, **P < 0.01, and ***P < 0.001).

was investigated using the liver hemorrhage, rat-tail amputation, and repair of cartilage defect [40,52]. As shown by the live/dead staining,
femoral condyle drill models on F8/~ rats [23,44,61,62]. In the liver numerous cells survived (green fluorescence), and few cells died (red
hemorrhage model, the bloodstain area on the gauze gradually fluorescence) in each group, especially in the Hydrogel-Exos group
increased from 1 min to 3 min in the blank group but significantly (Fig. 4A and B). The CCK-8 results further revealed that the proliferation
decreased in the fibrin glue and Hydrogel-Exos groups (Figs. S8A and B). of chondrocytes increased with prolonged cultivation duration. In

Moreover, the total blood loss in the non-treatment group (2.89 + 0.24 addition, on days 3 and 7, chondrocyte activity in the treatment group
g) was significantly higher than in the fibrin glue (1.3 £+ 0.16 g) and was significantly higher than the non-treated group, suggesting that the
Hydrogel-Exos groups (0.6 & 0.12 g) (Fig. S8C). Additionally, treatment adhesive hydrogel and exosomes are beneficial for chondrocyte prolif-
with fibrin glue (423.33 + 40.41 s) and Hydrogel-Exos (243.33 + 25.17 eration (Fig. 4C). Next, cytoskeleton imaging exhibited that chon-

s) significantly reduced hemostatic time compared to the non-treatment drocytes were interconnected and stretched better on Hydrogel-Exos,
group (556.67 + 40.41 s) (Fig. S8D). It is widely acknowledged that the compared to the other groups (Fig. 4D). After quantification, the spread
liver is a delicate organ with abundant microvascular networks and area of the chondrocytes cultured on Hydrogel-Exos was the greatest
blood supply but lacks smooth-muscle contraction [90]. Accordingly, among the four groups, indicating an excellent cell adhesion-promoting
effectively controlling liver bleeding through conventional hemostatic ability of adhesive and exosomes (Fig. 4E). It is widely acknowledged
approaches, such as cauterization or suturing, is challenging [90]. that chondrocyte migration is essential for the repair of cartilage defects
Accordingly, commercial fibrin glue represents an alternative for liver [40,52]. Consequently, the effect of Hydrogel-Exos on chondrocyte
hemostasis and was selected for application in the treatment group in migration was detected. The chondrocyte migration assay showed that

this study [23,90]. Notably, Hydrogel-Exos exhibited better liver he- the cells migrated significantly faster to the bare area on Hydrogel-Exos
mostatic performance than fibrin glue, as verified by quantitative total than on the other sample after 12 h and 24 h (Fig. 4F). Interestingly,
blood loss and hemostatic time (Figs. S8C and D). This can be attributed chondrocytes accumulated at the denuded site in the Hydrogel-Exos

to the wet tissue adhesiveness provided by Hydrogel-Exos and the for- group. Furthermore, quantitative analysis revealed that the 24-h
mation of a physical barrier to reduce blood oozing [23,91]. Consis- denuded scratch area of the Hydrogel-Exos group (207.51 + 19.99 x
tently, after rat-tail amputation, Hydrogel-Exos were associated with a 10 pm?) was significantly lower than the control (481.98 + 36.28 x

reduction of more than 80 % and 60 % in total blood loss compared to 10% um?), Hydrogel (315.11 + 20.20 x 10% pm?) and Exos (305.17 +
the control and fibrin glue groups, respectively (Figs. S8E, F, and G). 30.45 x 10° pm?) groups (Fig. 4G). The above findings substantiated
Additionally, the hemostasis time of the Hydrogel-Exos group (230 + that the Hydrogel-Exos scaffold is a viable candidate for promoting
22.65 s) was significantly shorter than the control (461.33 + 48.99 s) chondrocyte growth, adhesion, and migration. This positive outcome is
and fibrin glue groups (363 + 28.83 s) (Fig. S8H). Furthermore, likely due to the dual synergistic effect, wherein chondrocyte prolifer-
Hydrogel-Exos adhered to and sealed the femoral condyle articular ation, regeneration, and migration are enhanced through the chon-
defect, significantly reducing hemorrhage from the marrow cavity droitin sulfate provided by the adhesive and the exosomes released by
(Figs. S8I and J). Importantly, both total blood loss and hemostasis time the hydrogel network [1,2,18,26,27].

in this study exceeded previously reported data, possibly due to the

coagulation disorders experienced by these rats after the knockout of F8 3.7. Biocompatibility of Hydrogel-Exos on RAW264.7 cells
[23,62,91,92]. Nevertheless, these results highlight the outstanding in

vivo hemostatic properties of Hydrogel-Exos. Besides, the Hydrogel-Exos Macrophages are known to abundantly infiltrate the hemophilic
system could contact with different shapes of cartilage defect, to further joint, particularly during the hemorrhagic active phase, exacerbating
fill and seal the various bleeding sites (Fig. S9). It has been reported that the inflammatory microenvironment and cartilage damage. Therefore,
gelatin, CS, and aldehyde groups in the adhesive hydrogel can promote the biocompatibility of RAW264.7 cells on Hydrogel-Exos was also
blood clotting, enhance tissue adhesiveness, and provide an adhesive assessed [93-97]. Consistent with the chondrocyte results, both the
barrier sealing the bleeding site [23]. live/dead and CCK-8 experiments demonstrated that Hydrogel-Exos

Unlike traditional ECM hydrogels, we found that the injectable exhibited excellent biocompatibility and stimulated viability in
Hydrogel-Exos system exhibited excellent wet tissue adhesion, thereby RAW264.7 cells (Figs. S10A, B, C). This favorable response can be

potentially addressing the challenge of recurrent intraarticular bleeding attributed to BMSCs-derived exosomes enhancing cell proliferation and
for patients with hemophilic articular cartilage damage under activity by inducing the phosphorylation of the AKT and ERK pathways
arthroscope. [2,18,98].
3.6. Biocompatibility and migration of chondrocytes cultured on 3.8. Hydrogel-Exos facilitated M2 macrophage polarization
Hydrogel-Exos
Considering the essential role of macrophages in regulating the in-

It has been established that the cartilage tissue of the knee joint is flammatory microenvironment and influencing the anabolic and cata-
mainly composed of hyaline cartilage, which includes chondrocytes and bolic balance of cartilage tissue, RAW264.7 cells were seeded on
ECM. Hence, evaluating chondrocytes viability, proliferation, adhesion Hydrogel-Exos and cultured for 5 days to explore the immunomodula-

and migration after treatment with the Hydrogel-Exos is essential for the tory effects [2,4,15,18]. As depicted in Fig. 5A, macrophages can
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Fig. 4. Chondrocyte biocompatibility and migration on the Hydrogel-Exos. (A) Live/dead assay of the chondrocytes cultured on each sample surface for 1 day. Live
cells were stained in green and dead cells in red. Scale bar: 200 pm. (B) Quantification of live/dead assay (n = 3). (C) The CCK-8 assay of each sample was performed
after 1, 3, and 7 days of cell culture (n = 3). (D) The cytoskeleton images showed the adhesion of chondrocytes after 3 days of culture on each group. Scale bar: 50 pm.
(E) Quantification of cell spread area (n = 5). (F) Wound-healing migration assay of the chondrocytes on each sample at different time points. Scale bar: 200 pm. (G)
Quantitative analysis of the scratch area at the denuded site at 0, 12, and 24 h (n = 3). Statistical differences were determined by utilizing One-way ANOVA with
Bonferroni’s multiple comparison tests when comparing three or more groups. When comparing two groups, the unpaired t-test was utilized. (*P < 0.05, **P < 0.01,

and ***P < 0.001).
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Fig. 5. Hydrogel-Exos facilitated the polarization of RAW264.7 cells from M1 to M2 phenotype via the NF-xB pathway. (A) An illustration of Hydrogel-Exos
modulating the macrophage polarization from an M1 to M2 phenotype. (B) Cytoskeleton staining imaging exhibited that PKH26-labeled exosomes released from
the Hydrogel-Exos were endocytosed by RAW264.7 cells. Scale bar: 20 pm. (C) Heat map showing the RT-qPCR results on the gene expressions of anti-inflammatory
cytokines (Arg-1 and IL-10) and proinflammatory cytokines (iNOS and TNF-x) in each group (n = 3). (D) Column graph showing the real-time qPCR (RT-qPCR)
results on the gene expressions of anti-inflammatory cytokines (Arg-1 and IL-10) and proinflammatory cytokines (iNOS and TNF-a) in each group (n = 3). (E)
Immunofluorescence (IF) images displaying the amount of Arg-1 (red) positive and iNOS (red) positive RAW264.7 cells cultured on each group. Scale bar: 50 pm. (F)
Quantitative analysis of the fluorescence intensity of Arg-1 and iNOS (n = 3). (G) WB analysis of the Arg-1 and iNOS protein expression. (H) Protein band intensity of
Arg-1 and iNOS was quantified utilizing ImageJ (n = 3). (I) WB analysis of the expression of the related proteins of the NF-kB pathway. (J) Quantification of the
related proteins of NF-kB pathway (n = 3). Statistical differences were determined by utilizing One-way ANOVA with Bonferroni’s multiple comparison tests when
Eomparing three or more groups. When comparing two groups, the unpaired t-test was utilized. (*P < 0.05, **P < 0.01, and ***P < 0.001).

differentiate into two phenotypes: M1 (pro-inflammatory) and M2
(anti-inflammatory) [2,4,15,18,98]. The M1 phenotype secretes
pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a)
and inducible nitric oxide synthase (iNOS), contributing to an inflam-
matory response that hampers cartilage regeneration. Conversely, the
M2 subgroup upregulates anti-inflammatory markers such as IL-10 and
arginase-1 (Arg-1), promoting an anti-inflammatory environment that
facilitates cartilage regeneration [4]. To induce severe inflammation
and simulate hemophilic articular microenvironment, a relatively high
concentration of lipopolysaccharide (LPS, 500 ng/ml) was added to
pretreat RAW264.7 cells before each assay [18,99-104]. BMSCs-derived
exosomes released from Hydrogel-Exos can be internalized by
RAW264.7 cells, leveraging their immunoregulatory capacity (Fig. 5B).
RT-qPCR results demonstrated that mRNA expressions of Arg-1 and
IL-10 (anti-inflammatory markers) in RAW264.7 cells treated with
exosomes and Hydrogel-Exos were significantly upregulated compared
to those without exosome treatment. In contrast, gene levels of iNOS and
TNF-a (pro-inflammatory cytokines) were significantly downregulated
in the pure exosomes group and Hydrogel-Exos group compared to the
other two groups (Fig. 5C and D). Additionally, IF assay results revealed
that the abundance of Arg-1-labeled cells was significantly higher in
both the exosomes-treated groups than in the control and pure adhesive
groups, whereas the number of iNOS-labeled cells was significantly
lower (Fig. 5E and F). Consistent with the qPCR and IF results, WB
analysis further showed that exosomes and Hydrogel-Exos treatments
significantly elevated the protein expression levels of Arg-1 but reduced
the protein levels of iNOS (Fig. 5G and H). However, there was no sig-
nificant difference between the pure adhesive group and control group
in gene expression, IF staining, and WB analysis, suggesting that adhe-
sive alone could not influence macrophage polarization (Fig. 5C, D, E, F,
G, and H) [18]. Notably, the addition of exosomes into adhesive
significantly upregulated the expressions of anti-inflammatory markers
and downregulated the levels of pro-inflammatory cytokines compared
to the treatment of exosomes alone, indicating that the sustained release
of exosomes effectively facilitates long-term M2 macrophage polariza-
tion [18,32,33,98]. Taken together, these findings suggest that
Hydrogel-Exos yield favorable immunomodulatory effects via regulating
M2 macrophage polarization.

Moreover, to explore the potential mechanism of this immunoregu-
latory ability of Hydrogel-Exos, the protein levels in the NF-kB inflam-
matory pathway were assessed (Fig. 5I and J). Compared to the other
treatment groups, the protein expression of phosphorylated IkBa (p-
IkBa) was significantly downregulated in the Hydrogel-Exos group
(Fig. 5I and J). Phosphorylated IkBa is a key regulator of the NF-«xB
signaling pathway, positively modulating the expression of pro-
inflammatory molecules [33,98]. Consistently, the protein level of
p-P65, a downstream molecule of the inflammatory NF-kB pathway, was
significantly inhibited in the Hydrogel-Exos group (Fig. 5I and J). These
findings substantiate that Hydrogel-Exos can modulate macrophage
polarization from M1 to M2 by suppressing the NF-kB pathway. It has
been reported that BMSCs-derived exosomes contain substantial active
molecules such as lipids, proteins, and miRNAs, especially miR-199a,
which plays a critical role in regulating the native immune system by
inhibiting factors in the NF-kB pathway [18,32,33,98].
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3.9. Hydrogel-Exos protected against IL-1p-induced chondrocyte damage
via ameliorating the immune microenvironment

To investigate the influence of the ameliorated immune microenvi-
ronment on damaged chondrocytes, a chondrocyte/RAW264.7 cells/
sample co-culture system was established (Fig. 6A). As previously
described, chondrocytes were induced injury by treatment with IL-1p
(10 ng/ml) before 24 h of the following experiments [56]. After 5 days of
culture, the regeneration of chondrocyte ECM was assessed by gene
expression, IF, and WB analysis. RT-qPCR findings showed that the
exosomes group and Hydrogel-Exos group significantly upregulated
COL-2 and SOX-9 expression in damaged chondrocytes while sup-
pressing the gene levels of MMP-13, implying that treatment with exo-
somes, especially sustained exosomes, could protect injured
chondrocytes (Fig. 6B and C). Besides, IF revealed that the abundance of
COL-2-positive chondrocytes was significantly higher, whereas the
amount of MMP-13-positive chondrocytes was significantly less when
treated with exosomes and Hydrogel-Exos rather than treated without
exosomes (Fig. 6D and E). Notably, the anabolism of ECM was greatly
inhibited while the catabolic metabolism of ECM was significantly
enhanced after treated by IL-1p, leading to the shrunken morphology of
chondrocytes in COL-2 staining image and the plump morphology of
chondrocytes in MMP-13 staining image [56]. This adverse metabolism
of ECM was improved after the treatment with exosomes and
Hydrogel-Exos (Fig. 6D). Consistently, WB analysis further showed that
exosomes and Hydrogel-Exos treatments significantly promoted the
protein expressions of COL-2 and SOX-9 but reduced the protein
expression of MMP-13 (Fig. 6F and G). As a well-acknowledged collag-
enous component of cartilage tissue, COL-2 plays an essential role in the
process of chondrocyte development and maturation [105]. Another
chondrogenic marker, SOX-9, has been recognized as a critical tran-
scription factor in cartilage repair due to its ability to modulate the
expression of COL-2 and the synthesis of glycosaminoglycans [18]. In
contrast, COL-2 and GAG can be degraded by MMP-13, a catabolic
matrix metalloproteinase commonly expressed by damaged chon-
drocytes [2,105]. Overwhelming release of pro-inflammatory cytokines
by M1 macrophages, such as TNF-a and IL-1p, can inhibit the expression
of COL-2 and GAG by downregulating SOX9 and upregulating MMP-13
gene expression [2,9,18,105]. The results revealed that treatment with
exosomes could attenuate the inhibitory effect of the inflammatory
microenvironment on chondrocytes by promoting M2 macrophage po-
larization, thereby enhancing the production of cartilage ECM. How-
ever, there was no significant difference in the expression levels of
COL-2, SOX-9, and MMP-13 between the pure adhesive group and the
non-treated group (Fig. 6B, C, D, E, F, and G), indicating that treatment
with adhesive alone could not mitigate the adverse effect of the in-
flammatory microenvironment on chondrocytes, attributing to its
inability to modulate macrophage polarization. Furthermore, to verify
the critical role of RAW264.7 cells in the immunomodulatory process,
WB analysis was conducted after Hydrogel-Exos/chondrocytes were
co-cultured with or without RAW264.7 cells for 5 days. The findings
demonstrated that the chondrogenesis effect of Hydrogel-Exos was
significantly weakened in the absence of RAW264.7 cells (Fig. 6H and I),
suggesting that Hydrogel-Exos could yield desirable chondrogenic ca-
pacity through immunomodulation on macrophages. Taken together,
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Fig. 6. Hydrogel-Exos protected against IL-1p-induced chondrocyte damage via ameliorating the immune microenvironment. (A) Construction of a co-culture model
of damaged chondrocyte/RAW264.7 cells/sample. (B) Column graph showing the RT-qPCR results of COL-2, SOX-9 and MMP-13 (n = 3). (C) Heat map showing the
RT-qPCR results of COL-2, SOX-9 and MMP-13 (n = 3). (D) IF images displaying the amount of COL-2 (green) positive and MMP-13 (green) positive chondrocytes
cultured on each group. Scale bar: 50 pm. (E) Quantitative analysis of the fluorescence intensity of COL-2 and MMP-13 (n = 3). (F) WB analysis of the COL-2, SOX-9
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Hydrogel-Exos could exert an excellent chondrogenesis effect by inhib-
iting the inflammatory microenvironment.

3.10. Hydrogel-Exos directly alleviated IL-1p-induced chondrocyte
damage

To further assess the direct chondrogenic capacity of Hydrogel-Exos,
IL-1B-pretreated chondrocytes were cultured directly on each sample in
the absence of RAW264.7 cells for 5 days (Fig. 7A). As shown in the
cytoskeleton staining results, the exosomes released from Hydrogel-Exos
could be endocytosed by chondrocytes after 24 h (Fig. 7B). The RT-
gqPCR, IF, and WB results exhibited that the expression of chondro-
genic genes or proteins, including COL-2 and SOX-9 in the pure adhesive
group, was significantly elevated compared to the control group, while
the catabolic factor MMP-13 was significantly reduced (Fig. 7C, D, E, F,
G, and H), suggesting that treatment with adhesive alone can directly
contribute to the alleviation of chondrocyte damage. Chondroitin sul-
fate, the main component of adhesive, has been reported to promote the
expression of TGF-pl through binding to integrins, leading to the
increased synthesis of COL-2 and hyaluronic acid, thereby stimulating
cartilage regeneration [1,18,26,27,106]. In addition, the genes and
protein levels of COL-2 and SOX-9 in the exosomes group and
Hydrogel-Exos group demonstrated significant upregulation compared
to the control group, but the level of MMP-13 presented contrasting
results, specifically in the Hydrogel-Exos group (Fig. 7C, D, E, F, G, and
H). This finding indicated that exosomes could attenuate IL-1f-induced
chondrocyte damage, and when loaded on adhesive, they could further
enhance the protective effect of injured chondrocytes. It has been proven
that exosomes can secrete non-coding RNAs, such as miR-92a and
miR-23b, to regulate chondrogenesis and cartilage matrix production
via the MAPK, ERK, and AKT signaling pathways [2,18,107]. The above
data revealed that Hydrogel-Exos could yield satisfactory protective
performance for chondrocytes through the dual direct chondrogenesis
effect from adhesive hydrogel and the lastingly released exosomes.
Therefore, Hydrogel-Exos could provide a synergistically favorable
microenvironment for chondrogenesis via the immunoregulatory and
direct chondroprotective effects.

3.11. Invivo exosome delivery capacity and biodegradation of Hydrogel-
Exos

In addition to the evaluation of in vitro exosome release, the in vivo
exosome retention in Hydrogel-Exos was investigated via biolumines-
cence imaging technology. As observed in Fig. 8A, B, C, and D, PKH26-
labeled exosomes delivered in PBS were only detectable within 3 days
after the initial injection into the cartilage defect site, while those loaded
on the adhesive hydrogel were still detectable on day 14, further sub-
stantiating that Hydrogel-Exos yielded outstanding performance for
sustained release of exosomes both in vitro and in vivo. As mentioned
earlier, this prolonged delivery capacity of Hydrogel-Exos can be due to
the formation of reversible hydrogen bonds between exosomes and ad-
hesive hydrogel [18,23,32,33]. Additionally, bioluminescence imaging
showed that the application of Hydrogel-Exos system allowed the
released exosomes to work locally around the cartilage defect in the
knee joint (Fig. 8A and C). Next, in vivo biodegradation was investigated
using an in vivo imaging system after subcutaneous implantation of
Cy7-labeled Hydrogel-Exos into the dorsum of rats. The imaging results
showed an extended duration of the fluorescence signal, which
decreased slowly for 21 days (Fig. 8E and F). In addition, tissue samples
were harvested for macroscopic observation and histological analysis at
different time points. As shown in Fig. 8G, there were no significant
signs of inflammatory reactions, such as redness or swelling, throughout
the whole process. Besides, the adhesive bulk decreases gradually with a
small volume of residual on day 21, suggesting that Hydrogel-Exos was
slowly degraded in vivo (Fig. 8G). The quantitative rate of in vivo
degradation of hydrogels revealed that the Hydrogel-Exos could be
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degraded about 90 % within 3 weeks (Figs. S11A and B). H&E staining
further verified that there was no obvious tissue response, and the ad-
hesive hydrogel can be gradually degraded (Fig. 8H). It is universally
recognized that biopolymers such as gelatin and CS in Hydrogel-Exos
can be naturally biodegraded by intrinsic enzymes, including collage-
nase, chondroitinase, or hyaluronidase [23]. This degradation cycle is
generally aligned with the repair timeline of the cartilage tissue. It is
well acknowledged that the initial period required for cartilage repair is
4 weeks, which indicated that the hydrogel scaffolds should be gradually
degraded within 4 weeks [1,15,55,99,108]. Given that slow degradation
of hydrogels cannot match well with the regeneration progress of
cartilage and the residual hydrogels can further impede the integration
of neocartilage, the Hydrogel-Exos system in this study demonstrated an
appropriate degradation cycle for cartilage repair [1,108]. Importantly,
this degradation profile was consistent with the exosomes release,
allowing the sustained delivery of exosomes and CS, and thereby
providing favorable environment for hemophilic cartilage repair. These
findings demonstrated that Hydrogel-Exos had desirable biodegrad-
ability and slow degradation characteristics, which provided sufficient
time for cartilage repair [23,43,44].

3.12. In vivo biocompatibility of Hydrogel-Exos

It is well-established that the biocompatibility of biomaterials is
essential for their in vivo application in the field of tissue engineering
[99]. Given the local application of natural ECM hydrogel and the
limited existence of vascular tissue within the joint, the possibility of
systemic dissemination and toxicity was minimized [109]. Nevertheless,
in addition to the in vitro biocompatibility evaluation, there are a
considerable number of studies further assessing the in vivo biocom-
patibility of foreign biomaterials in cartilage tissue engineering, which
may be due to that degradation products of polymer hydrogels can be
metabolized through vital organs [1,99,109-111]. Therefore, before
implementing Hydrogel-Exos for the treatment of hemophilic articular
cartilage defects, we conducted in vivo biocompatibility assessments.
These evaluations encompassed hemocompatibility studies, including
hemolysis tests and serum protein examinations, as well as histopatho-
logical examinations of major organs such as the heart, lungs, liver,
spleen, and kidneys. The hemolytic test is widely recognized as a crucial
measure for assessing the hemocompatibility of foreign materials [32,
33,51]. As depicted in Fig. S12A, serum extracted from foreign bio-
materials (adhesive hydrogel, exosomes, and Hydrogel-Exos) co-incu-
bated whole blood exhibited a reddish color, similar to the negative
control group (PBS). In contrast, the positive control group (Tri-
ton-100X) displayed a carmine color. The serum OD values of the
biomaterial groups were comparable to the PBS group and significantly
different from the Triton-100X group (Fig. S12B). The hemolytic ratio
for the biomaterial groups was consistently below 1.0 %, indicating
exceptional hemocompatibility of Hydrogel-Exos. Additionally, the
levels of ALT, AST, and TP (common serum proteins) in the three treated
groups were comparable to those in the control groups, suggesting the
absence of systemic toxicity resulting from Hydrogel-Exos (Fig. S12C).
Furthermore, histopathological examination (H&E staining) confirmed
the absence of apparent pathological alterations in major organs har-
vested from rats treated with adhesives. No significant deposition of
degradation products from the adhesive hydrogels was observed
(Fig. S12D). In summary, the results above substantiate the in vitro and in
vivo biocompatibility of Hydrogel-Exos, supporting its suitability for
treating hemophilic articular cartilage defects [23].

3.13. Hydrogel-Exos relieved pain and restored joint function after
hemophilic knee joint cartilage defect

To further assess whether Hydrogel-Exos treatment can relieve pain
and restore joint function after hemophilic knee joint cartilage defect,
pain measurements and gait analysis were performed. PWT and TWL
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were used to evaluate the mechanical allodynia and thermal sensitivity,
respectively (Fig. 9A and D) [56-58]. As exhibited in Fig. 9B and C, after
knee joint cartilage injury, the PWT values were significantly reduced
from baseline in rats treated with adhesive hydrogel, exosomes or
without treatment. Although the PWT also decreased from baseline in
the Hydrogel-Exos group, it was significantly greater than the other
three groups for 6 weeks after surgery, implying animals in this group
experienced less pain (Fig. 9B and C). Consistently, the TWL in rats
treated with Hydrogel-Exos was significantly longer compared to the
other treatment groups, suggesting these rats suffered hypoalgesia
(Fig. 9E and F). Notably, the PWT and TWL in the exosomes group were
greater than that in adhesive hydrogel and untreated groups only in the
first week, which indicated that the monotherapy of exosomes could
achieve pain easement after cartilage damage, but their in vivo rapid
release limited the sustained pain relief to a large extent (Fig. 9B, C, E
and F). Interestingly, the PWT and TWL in the adhesive hydrogel group
were greater than in the untreated group after 4 weeks of treatment,
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illustrating that adhesive hydrogel partially repaired hemophilic carti-
lage defect and thus slightly relieved pain (Fig. 9B, C, E and F). Impor-
tantly, the loading of exosomes in adhesive hydrogel obviously extended
the anti-inflammatory effect of exosomes in the early stage and greatly
repaired cartilage defect in the middle and late stages to yield satisfac-
tory pain relief throughout the whole process (Fig. 9B, C, E and F).
After verifying the effect of pain relief on hemophilic knee joint
cartilage injury, we further assessed the ability of Hydrogel-Exos to
improve limb function by gait analysis. Ranging from —100 (complete
function loss) to 0 (normal function), SFI is a widely-used index to
evaluate the restoration of limb motor function, and calculated by
determining three footprint parameters as shown in Fig. 9G [51,59,60].
The deficit of limb motor function after nerve, muscle or joint damage
can alter footprint parameters, such as a decrease in the TS and ITS while
an increase in the PL. In a representative footprint measurement after 6
weeks of knee joint cartilage injury, the untreated and pure exosomes
groups exhibited dragged footprints with a reduction of TS and ITS and
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an increment of PL, whereas the Hydrogel-Exos group showed clear
footprints with an increment of TS and ITS and a reduction of PL
(Fig. 9H). In comparison to the untreated group (SFI = —66.36 + 2.52),
adhesive hydrogel group (SFI = —54.94 + 1.32) and exosomes group
(SFI = —62.59 + 1.72), limb function in the Hydrogel-Exos group (SFI =
—32.58 + 2.18) improved significantly after 6 weeks of treatment
(Fig. 9I). Rats with monotherapy of adhesive hydrogel presented a
moderate footprints result (Fig. 9H and I). Overall, although the capacity
of pain relief and joint function recovery in the exosomes group was

A Control Hydrogel

H&E

MTS
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inferior to the adhesive hydrogel group in the later stage, the encapsu-
lation of exosomes in adhesive hydrogel can synergisticly improve joint
function via the dual effect of early anti-inflammation and long-lasting
chondrogenesis after hemophilic knee joint cartilage defect.

3.14. Hydrogel-Exos promoted cartilage repair in a hemophilic knee joint
cartilage defect model

A full-thickness knee joint cartilage defect model was established in

Exos Hydrogel-Exos

1A

10X 25X 25X 10X 25X 25X 10X 25X

25X

Fig. 10. Hydrogel-Exos promoted cartilage repair in a hemophilic knee joint cartilage defect model. (A) Gross observation of knee cartilage repair at 6 weeks after
treatment. Scale bar: 1 mm. (B) Top (3D) views of micro-CT examinations from the repaired hemophilic articular cartilage. (C) Safranin-O/fast green (Saf-O) staining
of femoral condyles harvested from hemophilic rats to observe the effect of cartilage repair 6 weeks after the Hydrogel-Exos injection. Scale bar: 500 pm (at low
magnification), 125 pm (at moderate magnification), and 50 pm (at high magnification). (D) H&E staining of femoral condyles harvested from hemophilic rats to
observe the effect of cartilage repair 6 weeks after the Hydrogel-Exos injection. Scale bar: 500 pm (at low magnification), 125 pm (at moderate magnification), and
50 pm (at high magnification). (E) Masson trichrome staining (MTS) of femoral condyles harvested from hemophilic rats to observe the effect of cartilage repair 6
weeks after the Hydrogel-Exos injection. Scale bar: 500 pm (at low magnification), 125 pm (at moderate magnification), and 50 pm (at high magnification).
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hemophilic rats to assess the in vivo chondral regeneration capability of
Hydrogel-Exos. Notably, the results of Perls’ Prussian Blue staining
showed that there was substantial deposition of hemosiderin in hemo-
philic articular cartilage defect lesion (Fig. S13). Following 6 weeks of
treatment, both gross observations and histological assessments were
conducted at the target site. As depicted in Fig. 10A, the Hydrogel-Exos
treated group exhibited clearly regenerated cartilage-like tissues that
seamlessly integrated with neighboring cartilage tissue. In contrast, the
untreated and pure exosomes groups displayed rough surfaces and deep
concavities. Additionally, the monotherapy of adhesive hydrogel
showed moderate results with minimal neo-tissue and partial cartilage
repair (Fig. 10A). Given that subchondral bone plays an essential role in
bearing weight, structural support, and articular cartilage regeneration,
the quality of subchondral bone was assessed by micro-CT examinations
and 3D reconstruction. As observed in Fig. 10B and Fig. S14A, sub-
stantial neo-bones fully filled the defect in the Hydrogel-Exos group,
whereas few neo-bones and obvious cavity were found in the untreated
and pure exosomes groups. After quantification, the Hydrogel-Exos
treated group exhibited the highest BV/TV, Tb.N and Tb.Th values
and the lowest Tb.Sp value among the four groups (Fig. S14B). Consis-
tent with the gross observation, the treatment of adhesive hydrogel
alone presented moderate subchondral bone formation (Fig. 10B and
Fig. S14).

Consistent findings were observed in Saf-O, H&E, and MTS staining,
indicating that defect regions in the untreated and pure exosomes groups
were filled with neo-fibrous granulation tissue, and no newly formed
cartilage tissue was observed (Fig. 10C, D, and E). Conversely, the
Hydrogel-Exos treated group displayed defect areas covered with a
smooth and thick cartilage layer containing abundant glycosaminogly-
cans, with no clear boundary between the regenerated and surrounding
host cartilage (Fig. 10C, D, and E). In the pure adhesive hydrogel group,
defects were partially repaired, suggesting that the provision of ECM
components could yield a moderate effect on chondral repair (Fig. 10C,
D, and E). Importantly, the loading of exosomes in adhesive hydrogel
demonstrated satisfactory cartilage regeneration, attributed to the sus-
tained release of exosomes and slow degradation of the adhesive
hydrogel. As previously described, both chondroitin sulfate and exo-
somes in this Hydrogel-Exos composite play roles in stimulating chon-
drogenesis and cartilage matrix production [1,2,18,26,27,106,107].

3.15. Hydrogel-Exos modulated in vivo immune microenvironment and
increased the production of cartilage matrix after hemophilic cartilage
defect

To investigate whether Hydrogel-Exos can mitigate the in vivo in-
flammatory microenvironment following hemophilic cartilage defects,
we conducted an immunohistochemistry analysis to assess the expres-
sion of iNOS at the injury site. As depicted in Fig. 11A and D, there was
no significant difference in iNOS expression among the untreated, ad-
hesive hydrogel, and exosomes groups, suggesting that treatment with
hydrogel alone or the rapid release of exosomes was insufficient in
regulating the local inflammatory microenvironment at the defect site.
In contrast, the expression of iNOS in the Hydrogel-Exos group was
significantly lower compared to the other three groups (Fig. 11A and D),
potentially attributable to the prolonged release of exosomes, which
exerted a sustained anti-inflammatory effect. The inflammatory micro-
environment plays a critical role in cartilage repair, as excessive pro-
inflammatory cytokines such as iNOS, IL-1f, and TNF-a can lead to
overexpression of MMP-13, exacerbating chondrocyte damage and ECM
degradation following cartilage injury, especially in patients with he-
mophilia [9,18,95,112]. Therefore, suppressing the inflammatory
microenvironment after hemophilic cartilage defects is beneficial for
ECM production and chondrocyte survival.

Furthermore, we evaluated the expression of COL-2 and MMP-13 at
the repair site through immunohistochemistry analysis. Adhesive
treatment alone significantly increased COL-2 expression while reducing
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MMP-13 expression compared to the non-treated and pure exosomes
groups (Fig. 11B, C, E, and F), suggesting that the adhesive hydrogel can
enhance chondrocyte anabolism and inhibit catabolism through direct
supplementation of ECM [1,18,26,27]. Importantly, the Hydrogel-Exos
group exhibited significantly upregulated COL-2 expression and down-
regulated MMP-13 expression compared to the other groups (Fig. 11B,
C, E, and F), indicating that the sustained release of exosomes in
conjunction with adhesive hydrogel achieved synergistic cartilage
repair for hemophilic cartilage damage [1,2,18,26,27,106,107]. How-
ever, exosome monotherapy did not influence the expression of COL-2
and MMP-13 (Fig. 11B, C, E, and F), suggesting that the rapid release
of exosomes alone may not effectively exert their chondrogenic and
immunoregulatory effects in long-term cartilage repair [14,19,20,34].
Collectively, these results confirm that Hydrogel-Exos enhances the
repair of hemophilic cartilage defects through anti-inflammation and
direct cartilage regeneration.

In summary, our in vivo studies revealed that treatment with adhe-
sive hydrogel alone exhibited superior efficacy in repairing cartilage
defects in rats with hemophilia compared to exosome monotherapy.
Accordingly, the application of exosomes alone may not ensure sus-
tained release and effective retention at the target site, thereby failing to
meet the demands of cartilage repair. In contrast, the adhesive hydrogel,
known for its slow in vivo degradation and ability to provide ECM
components continuously, demonstrated effective cartilage repair [1,18,
26,27]. Interestingly, the encapsulation of exosomes in adhesive
hydrogel via reversible noncovalent bonding significantly enhanced the
repairability. The synergy between exosomes and adhesive hydrogel
promoted cartilage regeneration through immunoregulation and direct
chondrogenesis (Fig. 1). Additionally, the favorable hemostasis perfor-
mance of Hydrogel-Exos created a beneficial microenvironment for he-
mophilic cartilage repair by reducing hemosiderin deposits, inhibiting
the inflammatory microenvironment, and preventing cartilage degen-
eration [6-9].

Base on the inspiration from the work by Guan et al., this study used
partial similar verification methods to assess the treatment effect of
Hydrogel-Exos system [18]. However, there are three major differences
between this study and the previous research reported by Guan et al.
First, their animal model is growth plate injury in normal rats with a
moderate inflammatory microenvironment, while the animal model in
the present study is articular cartilage defect in hemophilic (F8 /") rats
with a severer inflammatory microenvironment (Fig. 9J). Consequently,
anti-inflammatory treatment and immune regulation would be more
beneficial and meaningful for hemophilic articular cartilage defect.
Additionally, their therapeutic system is ordinary ECM hydrogel without
desirable adhesion, whereas the adhesive hydrogel in this study with
outstanding wet tissue adhesion in harsh joint cavity, allowing the local
sustained delivery of exosomes in the damaged area to synergistically
yield satisfactory treatment for hemophilic articular cartilage defect.
Moreover, this innovative approach is well-suited for application during
arthroscopic procedures verified in a swine cartilage defect model, of-
fering a promising strategy for addressing the complex challenges
associated with hemophilic articular cartilage damage. Therefore, we
believe that our study is innovative in the field of tissue engineering for
holistic repair of hemophilic articular cartilage defect.

4. Conclusion

In conclusion, we successfully developed an injectable hydrogel ad-
hesive loaded with exosomes, presenting a remarkable ability to address
early intra-articular bleeding, modulate the inflammatory microenvi-
ronment in the initial stages, and promote chondrogenesis throughout
the entire process for hemophilic cartilage defects. The adhesive
hydrogel was created by blending OCS and gelatin in the presence of
borax. The exosomes derived from BMSCs were then loaded onto the
hydrogel adhesive through the formation of reversible noncovalent
hydrogen bonds, ensuring their prolonged release and concentration at
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Fig. 11. Hydrogel-Exos modulated in vivo immune microenvironment and increased the production of cartilage matrix after hemophilic cartilage defect. (A)
Immunochemistry for iNOS expression in the defect area at 6 weeks after treatment. Scale bar: 500 pm (at low magnification), 125 pm (at moderate magnification),
and 40 pm (at high magnification). (B) Immunochemistry for COL-2 expression in the defect area at 6 weeks after treatment. Scale bar: 500 pm (at low magnifi-
cation), 125 pm (at moderate magnification), and 40 pm (at high magnification). (C) Immunochemistry for MMP-13 expression in the defect area at 6 weeks after
treatment. Scale bar: 500 pm (at low magnification), 125 pm (at moderate magnification), and 40 pm (at high magnification). (D-F) The quantitative analysis of
positively stained cells for iNOS, COL-2, and MMP-13 in samples. Statistical differences were determined by utilizing One-way ANOVA with Bonferroni’s multiple
comparison tests when comparing three or more groups. When comparing two groups, the unpaired t-test was utilized. (*P < 0.05, **P < 0.01, and ***P < 0.001).
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the target site to meet the therapeutic requirements for long-term
cartilage repair. Beyond its excellent injectability, self-healing ability,
and wet tissue adhesiveness stemming from dynamic Schiff base bonds
and hydrogen bonds, the Hydrogel-Exos composite exhibited satisfac-
tory biocompatibility, biodegradability, swelling process, COF, me-
chanical properties, and hemostatic performance. Moreover, our
adhesive hydrogel demonstrated successful injection into the knee joint
cartilage defect region and in situ gelation under the water-filled
arthroscopic environment in a swine model. Additionally, through in
vitro and in vivo assays, we confirmed that Hydrogel-Exos could inhibit
the inflammatory microenvironment by regulating macrophage M2
polarization via the NF-kB pathway. This improved inflammatory
microenvironment, in turn, protected damaged chondrocytes and pro-
moted extracellular matrix anabolism. Furthermore, both in vitro and in
vivo validations demonstrated that Hydrogel-Exos could directly
enhance chondrogenesis by providing ECM components and allowing
the sustained release of chondrogenic and anti-inflammatory exosomes,
facilitating the cartilage repair and joint function restoration after he-
mophilic articular cartilage defects. In summary, our Hydrogel-Exos
system represents a promising therapeutic strategy for reducing early
intra-articular bleeding, improving the inflammatory microenviron-
ment, and fostering long-term chondrogenesis in the context of hemo-
philic cartilage defects. The system is well-suited for arthroscopic
applications.
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